Post-transcriptional gene regulation (PTGR) is essential to sustain cellular metabolism, coordinating maturation, transport, stability and degradation of all classes of RNAs (FIG. 1) . Mechanistically, each of these events is regulated by the formation of different ribonucleoprotein (RNP) complexes with RNA-binding proteins (RBPs) at their core. Initially, it was thought that RNA mainly served either as the template, in the form of mRNA, or as an adaptor or a structural component during protein synthesis, provided by tRNAs and ribosomal RNAs. With the discovery of catalytic RNAs and a multitude of non-coding RNA (ncRNA) species, it was recognized that RNA is a highly versatile molecule that carries out many regulatory functions in the cell, either by acting as a guide to recognize RNA sequence motifs or RNA recognition elements present in their target RNAs, or by functioning as a scaffold and assembly platform for recruiting proteins to act synergistically 1 . The characterization of the proteins transiently or stably interacting with RNAs is a prerequisite for the dissection of RNA regulatory processes.
The recent development of large-scale quantitative methods, especially next-generation sequencing and modern protein mass spectrometry 2-6 , facilitates genome-wide identification of RBPs, their protein cofactors and their RNA targets. Deep-sequencing approaches using immunoprecipitation of RBPs, with or without in vivo RNA-protein crosslinking (crosslinking and immunoprecipitation followed by sequencing (CLIP-seq) and RNA immunoprecipitation and sequencing (RIP-seq), respectively) 2, 3 , as well as in vitro evolution methods 7, 8 , revealed the binding ranges of RBPs and showed that many RBPs bind to thousands of transcripts in cells at defined binding sites.
Despite the growing amount of data collected on RBPs, many questions remain to be answered. Researchers still have an incomplete understanding of how binding specificity is achieved and how the regulatory function of an individual RBP is influenced by synergy and competition with other RBPs. We argue that a balanced approach of detailed biochemical and functional studies paired with complex systems-biology methods will ultimately lead to an understanding of the principles underlying PTGR networks.
Although much of the published research centres on mRNA-binding proteins (mRBPs) and messenger RNPs, PTGR is not limited to mRNA maturation and regulation; it also includes processes acting on ncRNAs. In this respect, it may not be surprising that, among the ~150 RBPs listed in the Online Mendelian Inheritance in Man (OMIM) database as being linked to human diseases, only one-third are described as directly binding mRNAs; the others target diverse ncRNAs 9 .
Here, we present a census of 1,542 human RBPs that interact with all known classes of RNAs, detail their families and evolutionary conservation across species, and analyse their expression across tissues and their potential roles in developmental processes. This catalogue of RBPs will guide future analyses of RBPs and provide an overview of known RNA pathways and their protein components. 
XRN1 or XRN2
Non-coding RNA (ncRNA) . An RNA that does not encode a protein. In this Analysis, ncRNA is also used to specifically group together all remaining ncRNAs that are not ribosomal RNAs, tRNAs, small nuclear RNAs, small nucleolar RNAs or small Cajal body-specific RNAs.
Establishing a census of RBPs Identification of RBPs. RBPs were first characterized using biochemical methods, such as gel electrophoresis of ultraviolet (UV)-crosslinked nuclear extracts or RNA affinity purification coupled with mass spectrometry and/or immunodetection 10, 11 . Further insights into the specific RNA targets of RNPs and their protein composition were gained using RIP coupled with cDNA array hybridization of recovered RNA and protein mass spectrometry, respectively [12] [13] [14] . The definition of RNAbinding domains (RBDs) in proteins was facilitated by the growing amount of experimental and structural data, as well as by the completion of sequenced genomes from all kingdoms of life, which allowed sequence alignments of multiple proteins and computational RBD predictions across organisms based on sequence information [15] [16] [17] [18] [19] [20] [21] . Early counts of RBPs using predictions of single-stranded RBDs (ssRBDs) estimated ~500 RBPs in humans and mice [22] [23] [24] , and ~700 RBPs in humans when including additional RBDs involved in other aspects of RNA metabolism 25 . These approaches had already suggested the existence of a complex regulatory network controlled by RBPs and recognized that a census of RBPs was a prerequisite for the interpretation of synergistic and competitive action of RBPs on their targets.
Automated functional annotations, including the Gene Ontology project, integrated literature reports, database entries and structural features, and arrived at ~1,900 human RBPs 26 . Although these gene groups are useful for gene set pathway analyses, they are not designed to establish a census of RBPs, as they include proteins that were falsely assigned owing to inferred participation in biological processes or exclude valid proteins owing to absence of annotation.
In an effort to experimentally validate RBPs across genomes or transcriptomes, four recent studies used a combination of in vivo UV RNA-protein crosslinking followed by poly(A)-RNA pulldown and protein mass spectrometry to characterize the mRNA-binding proteome in HEK293 and HeLa human cell lines, mouse embryonic stem cells and yeast cells 13, [27] [28] [29] [30] . A common set of ~600 crosslinked mRBPs was identified (see Supplementary information S1 (table) ). Comparative large-scale studies isolating the many ncRNA-binding proteins have not yet been undertaken. Hence, although bioinformatic and experimental methods have advanced enough to allow the investigation of RBPs at a system-wide level, we currently do not have a clear understanding of the identity and number of genes involved in PTGR.
Defining the RBP repertoire. To annotate RBPs in the human genome, we defined proteins as RBPs if they contain domains known to directly interact with RNA or if they reside within well-characterized RNPs, even if they do not directly contact RNA in some structurally characterized conformations. Considering that most RNPs are dynamically assembled and disassembled, transient sequence-unspecific RNA contacts are still plausible. Examples include components of the exosome complex, the polyadenylation and cleavage complex, the spliceosome and the ribosome. We extracted 800 protein domains from the Protein families (Pfam) database (see Supplementary information S1 (table)) that are known to be RNA-binding or exclusively found in RNA-related proteins, and used the Pfam protein-domain hidden Markov models to search the human genome, comprising ~20,500 protein-coding genes, for proteins containing these RBDs 17, 31 . From these candidates, we filtered out proteins with established RNA-unrelated functions, mostly DNA-binding zinc-finger proteins, and manually An overview is given for the biogenesis, decay and function of the most abundant RNAs: tRNAs, ribosomal RNAs, small nuclear RNAs (snRNAs), small nucleolar RNAs (snoRNAs), mRNAs, microRNAs (mi RNAs), PIWI-interacting RNAs (piRNAs) and long non-coding RNAs (lncRNAs). Processes are described from left to right. Referenced gene names and complexes in the figure are listed in Supplementary information S3 (table) and within the listed references. a | tRNAs are transcribed by RNA polymerase III (Pol III); the 5ʹ leader and 3ʹ trailer sequences are removed, introns are spliced, and the ends are joined. CCA nucleotides are added to 3ʹ ends, and nucleotide modifications -such as methylation (M), pseudouridylation (ψ) and deamination of adenosines to inosines (I) -are introduced before tRNA aminoacylation 195 . b | The 5S rRNA is transcribed by Pol III, whereas 28S, 18S and 5.8S rRNAs are transcribed as one transcript by Pol I. The precursor is processed by RNA exonucleases, endonucleases and the ribonucleoprotein (RNP) RNase MRP, guided by U3 small nucleolar RNP (snoRNP). Nucleotide modifications are introduced by snoRNPs. rRNAs are assembled together with ribosomal proteins into ribosomal precursor complexes in the nucleus and transported to the cytoplasm, where they mature to functional ribosomes 92, 196, 197 . c | Most snRNAs are transcribed by Pol II, capped and processed in the nucleus. When exported to the cytoplasm, they undergo methylation and assemble with LSM proteins into small nuclear ribonucleic particles (snRNPs) in a process aided by the survival motor neuron 1 (SMN1). These snRNPs are re-imported into the Cajal body (CB) within the nucleus, where they undergo final maturation and snRNP assembly 81 . U6 and U6atac snRNAs are transcribed by Pol III and are alternatively processed in the nucleus and the nucleolus 198 . Mature snRNPs form the core of the spliceosome. d | snoRNAs and small Cajal body-specific RNAs (scaRNAs) are processed from mRNA introns, capped and modified before they assemble into snoRNPs or scaRNPs in the CB. snoRNPs and scaRNPs carry out methylation and pseudouridylation of rRNAs, snoRNAs and snRNAs, or function in rRNA processing (for example, processing of U3 snoRNA) 81 . e | mRNAs are transcribed by Pol II, capped, spliced, edited and polyadenylated in the nucleus. Correctly matured mRNAs are exported into the cytoplasm. Regulatory RNA-binding proteins (RBPs) control correct translation, monitor stability, decay and localization, and shuttle mRNAs between actively translating ribosomes, stress granules and P bodies 37, 141, 142, [199] [200] [201] [202] . f | mi RNAs are either transcribed from separate genes by Pol II as long primary miRNA (pri-miRNA) transcripts or expressed from mRNA introns (mirtrons) and processed into hairpin pre-mi RNAs in the nucleus. After transport into the cytoplasm, they are processed into 21-nucleotide-long double-stranded RNAs. One strand is incorporated into Argonaute (AGO) proteins (forming miRNA-containing RNPs (miRNPs)) and guides them to partially complementary target mRNAs to recruit deadenylases and repress translation 203 . g | piRNAs are ~28-nucleotides-long, germline-specific small RNAs. Primary piRNAs are directly processed and assembled from long, Pol II-transcribed precursor transcripts, whereas secondary piRNAs are generated in the 'ping pong' cycle by the cleavage of complementary transcripts by PIWI proteins. Mature piRNAs are 2ʹ-O-methylated and incorporated into PIWI proteins. The piRNA-PIWI complexes (piRNPs) silence transposable elements (TEs) either by endonucleolytic cleavage in the cytoplasm or through transcriptional silencing at their genomic loci in the nucleus 107 . h | Most lncRNAs are transcribed and processed in a similar way to mRNAs. Nuclear lncRNAs play an active part in gene regulation by directing proteins to specific gene loci, where they recruit chromatin modification complexes and induce transcriptional silencing or activation 185 .
Other non-coding RNAs (for example, 7SK RNA) regulate transcription elongation rates 204 or induce the formation of paraspeckles (PS) 205 . Cytoplasmic non-coding RNAs can modulate mRNA translation 206 . i | Incorrectly processed RNAs are recognized by several complexes in the nucleus and cytoplasm that initiate and execute their degradation 207, 208 . CPSF, cleavage and polyadenylation specificity factor; EJC, exon junction complex; hnRNP, heterogeneous nuclear RNP; NGD, no-go decay; NMD, nonsense-mediated RNA decay; NSD, non-stop decay; PABP, poly(A)-binding protein.
RNA recognition elements
Short (rarely more than 4-6-nucleotide-long) sequence elements within RNA targets that are recognized and bound by RNA-binding proteins. 
Crosslinking

Hidden Markov models
Statistical probability models that assume a Markov chain with unobserved (hidden) states. In protein domain predictions, HMMs are calculated from protein sequence alignments and compute the probability of a specific protein sequence.
added RBPs that were missed by domain searches but that are clearly defined in the literature (see Supplementary information S2 (box)). This resulted in a final census of 1,542 RBPs (see Supplementary information S3 (table)), or 7.5% of all protein-coding genes in humans, which formed the basis of subsequent analyses described here. This catalogue provides a fresh starting point for future curation efforts but is likely to change as experimental studies uncover new RBPs or recognize that candidate RBPs containing established RBDs have evolved to adopt new functionalities that are unrelated to RNA binding.
Structural features of RBPs. RBPs are commonly classified based on their specific RBDs, as the structure and function of these RBDs provide some insights into the binding preferences and targets of the RBPs. Many excellent reviews have covered the different RBD families and their modes of RNA binding 25, , and we will therefore limit the depth of our RBD discussion. RBDs are deeply conserved across bacteria, archaea and eukaryotes. The 1,542 human RBPs we identified contain a repertoire of ~600 structurally distinct RBDs. Among the RBD classes, only 20 have more than 10 human gene members; most of them have one or two members (FIG. 2) . RBDs with the highest number of members are mostly found in mRBPs and mirror the rapid expansion of mRNArelated processes in the evolution of higher eukaryotes, such as alternative splicing and polyadenylation 56, 57 . Of the estimated 692 mRBPs, 405 contain an RNA recognition motif (RRM), a K homology (KH) domain, a DEAD motif, a double-stranded RNA-binding motif (DSRM) or a zinc-finger domain (FIG. 2) . By contrast, the 169 ribosomal proteins have 119 distinct domains that are exclusively found in ribosomal proteins. This diversity of RBDs complicates both the definition of a census and the de novo identification of RBPs, and it explains why earlier approximations based on the few large structural groups underestimated the number of proteins involved in PTGR.
A common feature of the abundant mRNA-binding domain classes is their frequent occurrence in multiple repeats or in combination with other RBDs. ssRBDssuch as RRMs, KH domains, zinc-finger domains or coldshock domains -recognize degenerate 4-6-nucleotide segments and predominantly occur in combinations or repeats, which increase sequence specificity and affinity of RBPs 3, 32 . Their modular design also enables the rapid evolutionary adaptation of proteins to new RNA targets 32 , which in some cases poses interesting questions about the regulatory functions of RBPs and the evolution of their targets. For example, whereas most KH-domain-containing RBPs have one or two KH domains, the high-density lipoprotein-binding protein (HDLBP) expanded from 7 KH repeats in Saccharomyces cerevisiae to 14 KH repeats in humans. We are currently far from a comprehensive characterization of RBDs and RBPs. The biological functions of at least one-third of the 1,542 RBPs are unknown or have merely been inferred from those of homologues. Even among the established large classes of RBDs, many individual members have not been studied in detail, including RRMcontaining proteins; helicases (DEAD box helicases and Nature Reviews | Genetics helicase-associated domain-containing proteins); zincfinger proteins (with zf-CCCH, zf-CCHC zf-C2H2_jaz motifs); RNA nucleases of type RNase A, RNase T and RNase ZC3H12A domain; and translation factor domaincontaining proteins (for example, those of the GTP elongation factor family GTP-EFTU, which usually consist of three structural domains, two oligonucleotide-binding domains and a GTP-binding domain).
Abundance of RBPs and TFs across tissues.
The importance of PTGR becomes evident when analysing RNAsequencing (RNA-seq) expression levels of RBPs and transcription factors (TFs) relative to those of the residual proteome across 16 human tissues of the Illumina Body Map. The majority of RBPs were ubiquitously expressed, typically at higher levels than average cellular proteins (FIG. 3a) , which is consistent with previous analyses 58, 59 . Although RBPs and TFs were encoded by a similar number of genes (1,542 and 1,704 genes, respectively), the cumulative abundance of RPKM expression levels of RBPs contributed up to 20% of the expressed, protein-coding transcriptome, whereas TFs constituted only up to 3% by transcript abundance (FIG. 3b) . The equivalent of 10-12% of the expressed transcriptome originates from the 169 ribosomal proteins but represents only approximately 0.8% of the protein-coding genes in the genome. By contrast, the transcripts encoded by the 692 mRBP genes, which represent 3% of proteincoding genes, accounted for 4-5% of the transcriptome, whereas all remaining RBPs (including tRNA-binding and pre-rRNA-binding proteins, as well as other RBPs) contributed the remaining 4-5%. These abundances illustrate the central importance of translation-related processes in the cell. Tumours and immortalized cell lines express mRBPs and ribosomal proteins at even higher levels than normal tissues. The increased demand for continuous protein production, the changes in the size of the nucleolus (the site of ribosome and rRNA biogenesis) and the modified translational activities of cells have long been considered as hallmarks of cancer [60] [61] [62] . More generally, altered translational activity has been observed in a wide range of human pathologies and has recently been connected to neurodegenerative diseases, including Parkinson's disease and Alzheimer's disease [63] [64] [65] [66] . Given the central importance of protein translation and ribosome biogenesis for energy metabolism and cellular growth, understanding disease-related changes in PTGR pathways is of diagnostic and possibly prognostic value, and also enables new therapeutic approaches. Consequently, targeting of PTGR pathways has been explored in drug development of inhibitors to block translation initiation or ribosome biogenesis; for example, the anticancer drug silvestrol inhibits eukaryotic initiation factor 4A-I (EIF4A1) and EIF4A2 .
Conservation of RBPs and their families RBP subclasses. A classification of RBPs by interacting RNA targets is useful, as it isolates individual PTGR pathways and can also explain similar phenotypes for RBP genes in human diseases. We grouped the set of 1,542 human RBPs based on literature reports (FIG. 4A) into mRNA-binding, pre-rRNA-binding, tRNA-binding, small nuclear RNA (snRNA)-binding and small nucleolar RNA (snoRNA)-binding proteins, as well as a residual RBPs with more than one target class were also found, and emerging transcriptome-wide binding studies reveal that it may be common for certain RBPs to interact with and regulate multiple classes of RNAs; for example, LIN28 proteins bind to let-7 pre-microRNA (miRNA), mRNAs and snoRNAs, and microprocessor complex subunit DGCR8 binds to double-stranded RNA regions within pre-mi RNAs and mRNAs [71] [72] [73] [74] . For simplification, we grouped RBPs by the class of RNA with which they predominantly interact, when known.
Almost all categories of RBPs are directly or indirectly invested in the process of protein synthesis: 692 proteins are mRNA-binding, 169 are ribosomal proteins, and 130 proteins are involved in the biogenesis and delivery of charged tRNAs to the ribosome. Another 90 proteins are involved in the biogenesis of snRNAs or the formation of small nuclear ribonucleic particles (snRNPs; snRNA-protein complexes); 122 and 41 RBPs take part in the biogenesis of rRNA and snoRNA, respectively, which may be an underestimation given that rRNA biogenesis and the functional roles of some 'orphan' snoRNAs have yet to be fully characterized [75] [76] [77] [78] . Another group comprised 122 RBPs that interact with the remaining ncRNAs, including all remaining ncRNA categories, such as mi RNAs, PIWI-interacting RNAs (piRNAs), long ncRNAs (lncRNAs) and the RNA components of MRP and RNase P (FIG. 1; see Supplementary information S2, S3 (box, table)). These proteins associate with a range of ncRNAs, some of which are involved in gene regulation (for example, mi RNAs, piRNAs and lncRNAs) and control gene expression through post-transcriptional RNA degradation, transcriptional silencing or activation of gene loci, and translational repression or activation. Others act as structural and catalytic components of RNP complexes (including RNase MRP, RNase P and telomerase RNP) or form RNP complexes of unknown functions (for example, vault RNAs and Y RNAs). The group with diverse RNA targets includes 47 RBPs, mostly RNA nucleases involved in general RNA turnover. Surprisingly, the functions of many rRNA and tRNA biogenesis factors in humans are mostly inferred from distant homologues and domain relationships [79] [80] [81] [82] . As these processes are essential for cellular life and are highly conserved, core functions often remain the same. However, with the increasing complexity of organisms, protein factors, their family members and/or the range of target RNAs of pathway components evolved, grew in size and diverged. The recently discovered new roles of tRNA methylases in mRNA and ncRNA metabolism may be an example of this 83, 84 .
Conservation of RBP and TF families. Phylogenetic relationships of RBPs reveal the creation of gene families during evolution, a process that in principle allows diversification of RNA metabolic pathways. However, in most instances, human paralogues are functionally overlapping, with similar or even identical binding sites 3, 8, 85, 86 , and may therefore represent an alternative to increasing protein synthesis and/or facilitating regulation across cell types. Understanding family relationships and examining protein families together, instead of singular members, is therefore a valuable approach. Furthermore, PTGR functions of RBPs may be redundant, and structurally unrelated proteins are frequently found to act in the same pathway or on the same target. For example, during rRNA biogenesis, distinct processing factors can carry out the same processing steps for both 3ʹ-end and 5ʹ-end maturations 87 . In these cases, considering family relationships together with structural information and localization of RBPs is useful for isolating components of regulatory pathways.
To define redundant properties of RBPs, we compared the evolutionary characteristics of RBPs with those of TFs, which constitute the other main group of gene regulatory factors. We used the phylogenetic homology classification as already defined by the Ensembl Compara database 88 and further grouped together paralogues with even closer homology. Most RBP paralogues share 20-70% sequence identity and, by this criteria, RBPs that are known to be functionally related are grouped together, such as members of the cytoplasmic polyadenylation element-binding protein family, which share ~25% sequence identity. We refer to these subgroups as paralogous RBP families throughout this Analysis. Lower cutoffs included functionally unrelated, more distant paralogues, whereas higher cutoffs missed family members of known functional similarity. Consistent with their high structural diversity, the 1,542 RBPs formed 1,111 families, in which individual members within RBP families generally interact with the same RNA classes (FIG. 4B (table) ). RBDs and DNA-binding domains often originate from common superfamily folds, such as the oligonucleotide-binding fold (OB-fold), nucleotidyltransferase domains, zinc-finger domains, and DNA and RNA helicase domains 34, 43, 89, 90 . However, although TFs and RBPs have a shared evolutionary history, TFs expanded late in evolution into large families by multiple gene duplications 58 , with up to 50 members per family and 2.5 members on average. By contrast, RBPs diversified early, and paralogous families have 1.3 members on average, with the largest RBP families including up to 10 members. Paralogous RBP families are well conserved across eukaryotes, and 50% of the human RBP families are also present in S. cerevisiae (FIG. 4Ca; see Supplementary information S5 (table) ). This finding is consistent with previous observations that at least 200 distinct RBPs are present in the lowest common ancestor of animals, and that 80 orthologous groups of RBPs are traceable even to the lowest universal common ancestor 25, 91 . By striking contrast, few TFs are conserved throughout evolution, and only 14% of the human TF families are found in S. cerevisiae (FIG. 4Cb; see Supplementary information S6 (table) ). Although the expansion of TFs traced the increase in organismal complexity, which possibly enabled the development of new functionalities 58 , evolutionary stability of RBPs went along with the early establishment of core RNA metabolic processes in all cellular systems 25 .
Conservation of RBP families interacting with different RNA classes.
With the growing number of RBP families in higher eukaryotes, the relative size of the various RBP families committed to different RNA targets has remained constant across phylogenies (38% mRBPs, 12% tRNA-binding proteins and 14% ribosomal proteins ;  FIG. 4D) . However, RBP families in different target groups display varying levels of evolutionary conservation. Most RBP classes -including families in the rRNA, tRNA, snRNA and snoRNA pathways -display average homologies of 31% between humans and yeast (for example, the tRNA-binding proteins in FIG. 4Dc) . Ribosomal proteins are among the most conserved, with an average homology of 51%, in contrast to the factors involved in maturation and processing of rRNAs, which are conserved up to only 31%, reflecting the increasing divergence of rRNA biogenesis factors in higher eukaryotes 82, 92 . ncRNA-binding protein and mRBP families display the lowest conservation (20% and 27%, respectively), and only one-fifth of all ncRNA-binding protein families have homologous families in yeast.
Tissue specificity of RBPs. Tissue-specific expression, phyletic age and cellular functions of proteins often correlate. Whereas ancient and highly conserved genes are widely expressed and support basic cellular functions, more recently evolved genes, such as TFs and secreted proteins, are expressed in a species-and tissue-specific manner [93] [94] [95] . Accordingly, we investigated the mRNA expression of 1,441 RBPs and 1,463 TFs profiled in a microarray study that measured transcript levels of 16,867 protein-coding genes across 31 human tissues 96 , assuming that transcript abundance approximates protein abundance in the cell 97, 98 . Tissue-specific variation of RBP isoforms owing to alternative splicing and to alternative cleavage and polyadenylation are not well understood and were not considered for this level of analysis. We favoured microarray studies over RNA-seq studies because they profiled larger collections of different human tissues and organs. We calculated a tissuespecificity score (S) for every gene on the array across the profiled samples, which ranged from 0 for ubiquitously expressed proteins to 5 for highly tissue-specific proteins (see Supplementary information S2 (box)). Based on the score for established tissue-specific RBPs, such as the germline-specific PIWI family (S = 1.7-2.3) or neuronal members of the ELAV-like (ELAVL) family (S = 3.2) 99 ,100 , we set a cut-off score of 1 for referring to tissue-specific genes, at which 6% of RBPs and 13% of TFs showed some level of tissue-specific expression (FIG. 5; see Supplementary information S7 (table)).
As expected, ribosomal proteins (FIG. 5a,b) , as well as general components of the spliceosome, RNA transport and turnover machineries (FIG. 5d) , were ubiquitously expressed across tissues. Furthermore, although tissuespecific variation has been reported for some tRNAs and snoRNAs [101] [102] [103] , the biogenesis factors of tRNAs and snoRNAs, as well as components of the snRNA and rRNA maturation pathways, were generally uniformly expressed across tissues (FIG. 5a-c) . The majority of tissue-specific RBPs consisted of mRBPs and ncRNAbinding proteins, as well as a range of RNA nucleases with diverse target specificity (FIG. 5d) . Perhaps unexpectedly, some tissue-specific outliers were observed among rRNA biogenesis factors and ribosomal proteins, including ribosomal protein L3-like (RPL3L), a homologue of RPL3 (FIG. 5d) . These selectively expressed RBPs may reflect extra-ribosomal roles 104 or tissue-specific adaptations in the composition of ribosomes that regulate translation of subsets of proteins (table) ). Few tissues contained specialized RBPs, and 90% of the 82 tissue-specific RBPs were identified in germline, brain, muscle, bone marrow or liver cells. The largest fraction (47 proteins) was enriched in adult testis, where they contribute to gametogenesis and fertility through regulation of transposon silencing, mitosis, meiosis, stem cell maintenance and differentiation [106] [107] [108] [109] [110] [111] . Many of these proteins were also expressed during fetal ovary development, at the stage of mitotic and meiotic cell divisions and germ cell expansion 112 . We found that 2% of all RBP families were exclusively tissuespecific, and most of these families were expressed in the germ line, such as the deleted in azoospermia (DAZ) and PIWI families, and other RBPs involved in the piRNA pathway 99, 107, 113, 114 (FIG. 5e) .
Rather than being part of families in which all paralogues are expressed in a tissue-specific manner, most tissue-specific RBPs belonged to protein families with at least one ubiquitously expressed member. Overall, 5% of RBP families were broadly expressed with one or more highly tissue-specific member. Examples included several helicase families with germline-specific paralogues, such as the tissue-specific DDX4 protein with its ubiquitously expressed family members DDX3X and DDX3Y; the MOV10L1 helicase and its ubiquitously present paralogue MOV10; and the tissue-specific helicase DDX25 with its ubiquitous paralogues DDX19A and DDX19B [115] [116] [117] [118] . Moreover, most members of the secreted, vertebrate-specific RNase A family -including angiogenin (ANG), RNase 2 (RNASE2) and RNASE3 -displayed high tissue specificity and were expressed in the liver and bone marrow cells, where they have a role in angiogenesis and the innate immune response, respectively 119 . Other families in this group were the mRNA splicing and regulatory families ELAVL and insulin-like growth factor 2-binding protein 77% (808) 16% (168) 5% (53) 2% ( Representative paralogous families are highlighted for mRBPs. A total of 2% of RBPs and 1% of mRBP families displayed tissue-specific expression for all their members; 5% of RBPs and 9% of mRBP families had one or more members with tissue specificity scores ≥1. 16% of RBPs and 22% of mRBP families had members with tissue-specificity scores ranging between 0.3 and 1, classified here as gradient RBP families, and 77% of RBPs and 68% of mRBP families displayed little variation in expression (tissue specificity scores <0.3), which are referred to as ubiquitous RBP and mRBP families, respectively.
(IGF2BP) family, which had ubiquitously expressed paralogues (ELAVL1 and IGF2BP2) and highly tissuespecific members (ELAVL3, ELAVL4, IGF2BP1 and IGF2BP3) in the brain, germ line and liver 100, 120, 121 (FIG. 5e). For 16% of RBP families, here named gradient RBP families, individual members were ubiquitously expressed with tissue specificity scores below 1 but displayed some degree of differential expression across tissues without being tissue-specific (FIG. 5e) . Loss-of-function of proteins in these families often affects the tissue of highest expression most strongly. A prominent example of RBPs with this expression pattern is the fragile X mental retardation 1 (FMR1) family, which comprises three ubiquitously expressed members (FMR1, fragile X mental retardation syndromerelated 1 (FXR1) and FXR2) with redundant target specificities 122 . Of these proteins, FMR1 has the highest expression levels in the brain, thyroid and gonads, and FXR1 and FXR2 are most abundant in the skeletal muscle and testes. Thus, even though activity of this protein family is necessary in every tissue, loss-of-function of FMR1 mainly affects the brain and gonads, and causes mental retardation and premature ovarian insufficiency in fragile X syndrome or fragile X-associated ataxia syndrome 123 , whereas mouse knockout models of FXR1 are embryonically lethal owing to skeletal muscle defects 124 . For families with some tissue-specific variation, the closely related paralogues often bind to the same sites on target RNAs with similar affinities, such as the members of the FMR1 and ELAVL families, which have identical binding sites in cell culture models 3, 121, 122 . The redundant functions of the ubiquitous paralogues can therefore complicate the dissection of the role of the tissue-specific proteins and may require technically challenging experimental designs, such as the generation of animals with tissue-specific knock-in or knockout of family members.
In conclusion, we found that 98% of paralogous RBP families were ubiquitously expressed, and their deep evolutionary conservation supports their predominant basic cellular function. Of these, 20% are families with tissue-specific and ubiquitous paralogues or ubiquitous members that are enriched in some tissues. Only 2% of families are tissue-specific for all paralogues, suggesting a strictly cell type-specific contribution to PTGR pathways, which is similar to the evolution of TFs. Cell typespecific expression levels of an RBP and its paralogues must be considered when choosing a system to study regulatory networks and targets.
RBPs and human diseases
Disease phenotypes of RBPs may correlate with tissuespecific expression; for example, loss-of-function of germline-specific proteins causes infertility 114 , and loss of FMR1 causes more severe phenotypes in the tissues in which it is usually most enriched 123 . However, highly tissue-specific pathologies are often observed for loss-of-function of RBPs with no specificity in expression at all. These tissue-specific phenotypes may be explained either by tissue-specific expression of critical RNA targets and cofactors of the RBP or by a greater sensitivity to expression changes of PTGR components in general for the affected tissue.
RBPs that bind to the same RNA class often affect the same tissues and display similar pathologies. For example, ribosomopathies, such as Diamond-Blackfan anaemia and Shwachman-Diamond syndrome, are caused by defects in ribosomal proteins and rRNA biogenesis factors, and severely affect the bone marrow and skin 125 . By contrast, mutations in mRBPs are found in multiple neurodegenerative and neuromuscular diseases that affect mRNA metabolism in neurons, particularly in motor neurons 66, 126, 127 . In these cases, mutations in mRBPs or their RNA targets impair RNA transport and translation, often leading to protein or RNA aggregation and inefficient clearance of neuronal RNA or protein granules, which cause a range of neuropathological diseases 66, [126] [127] [128] [129] [130] [131] [132] . Examples include the neurological diseases amyotrophic lateral sclerosis (ALS) -which is caused by mutations in the heterogeneous nuclear RNPs (hnRNPs) TAR DNA-binding protein (TARDBP; also known as TDP43), FUS, hnRNP A2/B1 (HNRNPA2B1) and hnRNP A1 (HNRNPA1) 131, 132 -and spinocerebellar ataxia, which is caused by polyglutamine expansions in ataxin proteins (ATXN1 and ATXN2) 133, 134 . Both diseases show toxic prion-like protein aggregations and accumulation of RNA-protein granules in cerebellar and/or motor neurons. Although FMR1 and RBP fox-1 homologue 1 (RBFOX1) are involved in different processes (mRNA transport and splicing, respectively), loss-of-function of these proteins results in a spectrum of mental retardation and autism 123, 135 . mRNA-repeat expansions lead to sequestration of RBPs, often splicing factors, and have typically been linked to muscular diseases caused by dysregulated splicing (such as myotonic dystrophies), mental retardation and ataxia 136 . Loss-of-function of the snRNP assembly factor survival motor neuron 1 (SMN1) directly affects the spliceosome and causes spinal muscular atrophy 127 . Loss-of-function mutations in tRNA splicing components and aminoacyl tRNA synthetases typically cause encephalopathies and the neuropathy Charcot-Marie-Tooth disease 66, 137, 138 . Several RNA and DNA nucleases that are crucial for nucleic acid clearance have been implicated in the autoimmune disease Aicardi-Goutières syndrome 139, 140 . These characteristic patterns for RBPs show that, instead of RBP expression, the interacting RNA targets are often a better predictor for the disease pathologies of RBPs.
Expression dynamics of RBPs
Dynamic complexes of RBPs. RBPs assemble into dynamic RNP complexes that mature, process, regulate or transport RNAs. In addition to remodelling RNA structures to keep RNAs accessible to other RBPs and enzymatic RNA-processing complexes, RBPs and RNPs act as RNA chaperones; prevent aggregation, misfolding and incomplete processing; and facilitate movement of RNA targets to required locations in the cell across cellular compartments. As a consequence, the abundance of RBPs and their constituents differentially affects RNA regulation 37, [141] [142] [143] [144] . For example, the abundance of various splicing factors can influence mRNA splicing patterns 57, [145] [146] [147] [148] , whereas U1 snRNP levels control alternative polyadenylation sites 149, 150 . The competition among RBPs with similar or overlapping target specificity can also define regulatory modes. For example, ELAVL1 antagonizes miRNA regulation on numerous mRNA targets 151 , LIN28 competes with the miRNA-processing machinery to suppress pre-let-7 miRNA processing [72] [73] [74] , and Pumilio homologue (PUM) proteins synergize with miR-221 and/or miR-222 to destabilize the cyclindependent kinase inhibitor 1B (CDKN1B) mRNA 152 . Similarly, multiple RBPs are involved in the localization and transport of RNA to distinct RNP granules, which contain highly concentrated subsets of RNAs and RBPs and act in the storage and/or degradation of mRNAs 153 . The importance of PTGR regulatory networks in cellular processes is evident from genetic knockouts of RBPs, which are often lethal or affect all tissues, and is consistent with their high conservation, number of targets and low tissue specificity. Selective expression of a single RBP typically does not result in differentiation or dedifferentiation into distinct cell types, in contrast to the selective expression of TFs 154 . Instead, the interactions of many RBPs in regulatory complexes determine specificity of PTGR processes. Hence, groups of RBPs in common PTGR pathways are often co-expressed and can drive coordinated expression of targets in cells and tissues, as well as across developmental processes 22, 155, 156 . Specific expression of RBPs can be used to deduce their putative roles and to identify novel components of regulatory pathways. In the next two sections, we explore these concepts and use available gene expression data across several developmental stages in human ovary and brain to identify the correlated expression of groups of RBPs that potentially act in the same developmental pathways.
Co-expression of RBPs required for ovarian development. The germ line presents a unique system for functional studies of process-specific RBPs, as it has a highly specialized RNA metabolism. At least 50 tissue-specific RBPs contribute to the differentiation and maintenance of germ cells 108 , and many are involved in germlinespecific piRNA-induced transposon silencing, alternative polyadenylation and translational regulation that affects hundreds of mRNA targets 107, 108, [157] [158] [159] [160] . Between 8 and 20 weeks of gestation, oogonia proliferate and their numbers increase from 0.6 million to 6 million cells 161 . By 20 weeks of gestation, primordial oocytes enter meiosis and arrest in the diplotene stage of meiosis I prophase I until oogenesis resumes in puberty. We examined RBP expression in a microarray study of 9-18-week-old human fetal ovaries 112 . Expression of germline-specific RBPs peaked at 14, 16.4, 16.9 and 18 weeks (FIG. 6) , and displayed highly correlated expression dynamics, reaching Pearson coefficients close to 1 (FIG. 6b; see Supplementary information S7 (table)). Although some of the expression changes may be attributed to changing percentages of tissue composition of germline and somatic cells, the increase in expression for known germline-specific RBPs was evident and also correlated with their high tissue-specific expression in the adult testis, confirming a role in germline development for both sexes. The expression dynamics were clearly distinct from differentially expressed somatic RBPs with functions unrelated to germline development. For example, the IGF2BPs, which are required during embryogenesis and organ development, were highly expressed at week 9, before expression levels rapidly decreased 120, 162 . All constituents of the piRNA pathway 107 were upregulated in the course of germline development, including piRNA biogenesis factors, such as the RNA endonucleases maelstrom and phospholipase D6 (PLD6, the Drosophila melanogaster Zucchini homologue); the RNA helicases DDX4, DDX39A (the UAP56 homologue) and MOV10L1; and most members of the Tudor domain-containing protein family (TDRD1-9 and RING finger 17) 107 (FIG. 6a,c) . In addition, we observed coordinated expression of the established germlinespecific translational regulators DAZ1-4, DAZL and boule-like (BOLL), which are also essential regulators of gametogenesis 113, 163 . The expression dynamics and patterns of groups of RBPs during ovarian development mirror their role in germline development derived from genetic experiments. Our clustering of expression profiles of RBPs across developmental stages also points to novel regulatory roles of RBPs that have not been previously studied in germline development, including RBM46, PIH1 domain-containing protein 2 (PIH1D2), adenosine deaminase domain-containing protein 1 (ADAD1) and poly(A)-specific ribonuclease PARN-like domain-containing protein 1 (PNLDC1) (FIG. 6a,c) .
Co-expression of RBPs in brain development. Neurons demonstrate unique alternative splicing and polyadenylation of mRNAs 57, 100, [157] [158] [159] . Furthermore, the considerable length of neuronal projections make mRNA transport and local translation at neuronal dendrites indispensable for development, synaptic plasticity and long-term memory 164 . Unsurprisingly, many RBPs regulating splicing, RNA transport, storage and translation are critical for neuroplasticity [165] [166] [167] . To capture brain-specific PTGR networks, we examined the expression dynamics of RBPs at different fetal and postnatal stages in human hippocampus development using RNA-seq data from the BrainSpan database. Although more than 75% of all proteincoding genes were reported to be expressed in the brain 168 , the expression of thousands of these genes was found to be either restricted to a particular cell type or temporally regulated 168, 169 . Concordantly, distinct groups of RBPs were upregulated at different developmental stages, which is consistent with previous studies 22, 170 . The largest cluster of differentially expressed RBPs in the hippocampus contained ~100 RBPs that are highly expressed during early development and rapidly downregulated at later stages (FIG. 7 post-conception week (PCW) and rapidly increased expression during the period coinciding with hippocampal development. This group included multiple splicing regulators required for neuronal function, such as the RBFOX family, which contributes to the characteristic splicing pattern of many neuronal transcripts 172 (FIG. 7, group II) . A separate group of ~20 RBPs, which were enriched in RNA nucleases and mRNA regulatory proteins involved in inflammatory and innate immune responses, was highly expressed at 37 PCWs (FIG. 7, group III) , coinciding with the maturation wave of pyramidal neurons and synaptogenesis at [34] [35] [36] . Mutations in the RNA nucleases ANG and RNase T2 (RNASET2) were found in patients with the neurological diseases ALS and cystic leukoencephalopathy, respectively, which is consistent with these proteins having a neuronal function [174] [175] [176] [177] . Strikingly, the mRNA regulatory protein tristetraprolin (TTP; also known as ZFP36) was the most specifically upregulated RBP in the hippocampus by more than 200-fold. ZFP36 is known to destabilize mRNAs that encode cytokines and other inflammatory immune genes by recruiting the CCR4-NOT1 complex to AU-rich elements in the 3′ untranslated regions (3ʹUTRs) of targets, leading to deadenylation and subsequent degradation of mRNAs [178] [179] [180] . Recently, it was found that cytokines and other immune-regulatory proteins are expressed in the developing and adult nervous system, in which they are required for normal brain development and synaptic plasticity 181, 182 . Indeed, coinciding with TTP, immune regulatory genes such as the members of major histocompatibility complex class I (for example, human leukocyte antigen A (HLA-A), HLA-B, HLA-C, HLA-E and HLA-F) were selectively expressed at 37 PCWs 183 (FIG. 7c, group III) . Whether the molecular function of TTP remains the same in neurons is unknown, but the coordinated expression of these regulatory RBPs may imply a biological role during neural development and synaptic plasticity. Nature Reviews | Genetics Group I includes genes with high expression levels at early PCWs, which rapidly decrease at later stages (part Ca). Group II includes genes with low expression levels at early PCWs and rapidly increasing levels at late PCWs and postnatal stages (part Cb). Group III includes genes with a single high-expression peak at 37 PCWs (part Cc).
Conclusions
A census of human RBPs is essential for organizing our current molecular and genetic understanding of the role of RNA in general gene expression and PTGR. This catalogue provides researchers with a newly curated resource to guide their investigations of PTGR processes and to systematically study RBPs. An analogous catalogue that assesses the abundance of all expressed RNAs (that is, the RBP targets) and that classifies them across tissues and cell types is still missing. Such a catalogue would be a useful complementary document to this census.
Of the ~20,500 protein-coding genes in humans, we determined that 7.5% are directly involved in RNA metabolism by binding to and/or processing RNA, or by constituting essential components of RNPs. RBPs are structurally diverse and include many distinct classes of RBDs. Indeed, whereas the three most abundant DNAbinding domains account for 80% of all TFs 58 , the three most abundant RBDs accounted for only 20% of all RBPs in our census. Based on target-RNA categorization, we found that nearly 50% of RBPs acted in mRNA metabolic pathways and 11% constituted ribosomal proteins, while the rest were involved in the diverse number of ncRNA metabolic processes. The target-based categorization of RBPs can assist interpretation of disease phenotypes and mutations emerging from rapidly increasing patient genome sequencing, and may guide future functional studies. When considering abundances, we found that ribosomal proteins and mRBPs were the most abundant RBPs in the cell. Nevertheless, most RBPs were ubiquitously expressed at higher levels than the residual protein-coding transcriptome, and up to 20% of the total expressed protein-coding transcripts encoded RBPs. Therefore, not only is RNA metabolism one of the most conserved cellular processes, but it also has one of the highest protein copy number demands.
Many details of PTGR remain to be revealed, including the dissection of newly discovered RNA regulatory processes 1, 184, 185 . The investigation of PTGR networks is aided by the rapid development of next-generation sequencing-based methods, such as RIP-and CLIPbased methods 2,3,14 , ribosome profiling 186 , in vivo RNA secondary structure profiling [187] [188] [189] , small and long RNA-seq 6, 190, 191 , and 3ʹ-end sequencing methods that profile alternative polyadenylation sites and poly(A) tail lengths 158, [192] [193] [194] . These studies reveal an unanticipated complexity in RBP binding and targeting, and highlight the need to experimentally dissect PTGR networks in various cellular systems.
